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1Department of Neuroscience, Tufts University School of Medicine, Boston, MassachusettsABSTRACT BKCa-channel activity often affects the firing properties of neurons, the shapes of neuronal action potentials (APs),
and in some cases the extent of neurotransmitter release. It has become clear that BKCa channels often form complexes with
voltage-gated Ca2þ channels (CaV channels) such that when a CaV channel is activated, the ensuing influx of Ca2þ activates its
closely associated BKCa channel. Thus, in modeling the electrical properties of neurons, it would be useful to have quantitative
models of CaV/BKCa complexes. Furthermore, in a population of CaV/BKCa complexes, all BKCa channels are not exposed to the
same Ca2þ concentration at the same time. Thus, stochastic rather than deterministic models are required. To date, however, no
such models have been described. Here, however, I present a stochastic model of a CaV2.1/BKCa(a-only) complex, as might be
found in a central nerve terminal. The CaV2.1/BKCa model is based on kinetic modeling of its two component channels at phys-
iological temperature. Surprisingly, The CaV2.1/BKCa model predicts that although the CaV channel will open nearly every time
during a typical cortical AP, its associated BKCa channel is expected to open in only 30% of trials, and this percentage is very
sensitive to the duration of the AP, the distance between the two channels in the complex, and the presence of fast internal Ca2þ
buffers. Also, the model predicts that the kinetics of the BKCa currents of a population of CaV2.1/BKCa complexes will not be
limited by the kinetics of the CaV2.1 channel, and during a train of APs, the current response of the complex is expected to
faithfully follow even very rapid trains. Aside from providing insight into how these complexes are likely to behave in vivo, the
models presented here could also be of use more generally as components of higher-level models of neural function.INTRODUCTIONLarge-conductance Ca2þ-activated Kþ channels (BKCa
channels) are found throughout the brain (1). They are ex-
pressed in neuronal cell bodies and dendrites and more
densely in axons and nerve terminals (2,3). They have a
very large single-channel conductance—10 times that of a
typical Kþ channel—that makes them powerful regulators
of electrical activity, and indeed, when neuronal BKCa cur-
rents are blocked or genetically eliminated, alterations in
firing patterns (4–8), AP shape (5–7,9–13), and neurotrans-
mitter release (11,14–16) are often observed. Thus, when
developing mathematical models of the electrical properties
of neurons or synapses, it is important that currents through
these channels be considered.
Modeling these currents, however, is not easily done, as
the gating of BKCa channels is complex. They are both
Ca2þ- and voltage-activated, and their equilibrium and ki-
netic properties depend strongly on both stimuli. Indeed,
the necessity to model the effects of both stimuli has led
to very large kinetic schemes (17–21) that can often mimic
the equilibrium behavior of the channels but in most cases
not their relaxation kinetics, as most rate constants are left
unspecified. To circumvent this problem some investigators
have developed empirical models of BKCa macroscopic cur-Submitted July 10, 2014, and accepted for publication October 23, 2014.
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of functions made to fit the channel’s conductance-versus-
voltage and time-constant-versus-voltage relations at a se-
ries of fixed Ca2þ concentrations (22,23). This approach,
although more easily implemented, has generally been
applied to uniform populations of channels rather than to in-
dividual channels, and therefore, the stochastic properties of
the individual BKCa channels have not been considered.
Indeed, this issue comes to the fore in light of results of
experiments performed over the last several years that
have demonstrated that BKCa channels are often physically
associated with voltage-gated Ca2þ channels (CaV chan-
nels) (13,24–30), and during an action potential (AP), it is
the local rise in Ca2þ concentration in the nanodomain
around the open CaV channel that activates its associated
BKCa channel (13,31). Thus, in a population of CaV/BKCa
complexes, at any one time, some of the CaV channels
will be open and their BKCa channels will be exposed to a
high Ca2þ concentration, whereas others will be closed,
and their BKCa channels will be exposed to a very low
Ca2þ concentration. Therefore, the Ca2þ-dependent rates
of the molecular transitions governing the gating of the
BKCa channels in the population will not at any given
time be equivalent. This means that differential equations
designed to model the population as a whole cannot be
used; instead, stochastic models of single CaV/BKCa com-
plexes are required.http://dx.doi.org/10.1016/j.bpj.2014.10.069
2798 CoxTo date, however, to my knowledge, no such models have
been developed. To address this issue, I have developed a
stochastic model of the gating of a CaV/BKCa complex
such as might be found at a central presynaptic nerve termi-
nal (CaV2.1/BKCa a-only). The model is based on extensive
electrophysiological recordings and modeling of each chan-
nel type separately at physiological temperature. The sto-
chastic CaV/BKCa model is presented here along with the
individual channel models, and to gain insight into how
these complexes are expected to behave in vivo, I have
examined the behavior of the CaV/BKCa model in response
to various AP waveforms.MATERIALS AND METHODS
Transient transfection of cultured cells
Ionic currents were recorded from ion channels whose subunits were tran-
siently expressed in HEK293T/17 cells (American Type Culture Collection,
Manassas, VA). The cells were transfected using the Ca2þ phosphate
method (32). For BKCa currents, 0.5 mg mSlo1 DNA in pcDNA3.1
(NP_001240294.1) was used per 35 mL dish. For Ca2þ currents, three
subunits were transfected: mouse CaV2.1 (AY714490) in pCR3.1, rat
CaVa2-d1 (AF286488) in pcDNA3.1/Hygro, and rat CaVb3 (M88751) in
pcDNA3.1/Zeo, each 1.5 mg/35 mL dish of 90% confluent cells. In all ex-
periments, 2 mg of enhanced green fluorescent protein DNA in pcDNA3.1
was also included, and transfected cells were identified by their green fluo-
rescence. Transfected cells were maintained at 37C with 5% CO2 in Dul-
becco’s modified Eagle’s medium with 10% fetal bovine serum, 1%
penicillin-streptomycin solution (Gibco, Life Technologies, Grand Island,
NY), and 1% L-glutamine (Gibco). Cells were patch-clamped 1–4 days
after transfection.Patch-clamp recordings
For all electrophysiological recordings, data were acquired using an
Axopatch 200B patch-clamp amplifier and a Macintosh-based computer
system equipped with an ITC-16 hardware interface (Instrutech, HEKA
Electronik, Chester, Nova Scotia, Canada) and PatchMaster acquisi-
tion software (HEKA Electronik). Data were sampled at 50 kHz and
filtered at 10 kHz. Capacity and leak currents were subtracted using a
P/5 protocol with a holding potential of 120 mV and leak pulses op-
posite in polarity to the test pulse. The temperature of the solution
bathing the cells was monitored and held constant at 37C during all ex-
periments with a TC-344B temperature controller purchased from
Warner Instruments (Hamden, CT). BKCa recordings were made from
excised macropatches in the inside-out patch-clamp configuration. Patch
pipettes were made of borosilicate glass (TW150F-4, World Precision
Instruments (WPI), Sarasota, FL) with resistances between 1 and 3
MU. The tips of the patch pipettes were fire-polished before use. Ca2þ
currents were recorded with the same equipment, but with the whole-
cell patch-clamp configuration, and patch-pipette resistances were typi-
cally 2–4 MU.Solutions
Ca2þ current recordings
The internal solution consisted of 140 mM KCl, 1.7 mM MgCl2, 2 mM
K2ATP (leaves 572 mM free ATP), and 10 mM HEPES, pH 7.3. The
external solution contained 133 mM NaCl, 5.8 mM KCl, 0.9 mM MgCl2,
5.6 mM Glucose, 10 mM HEPES, and 1.3 mM CaCl2, pH 7.3.Biophysical Journal 107(12) 2797–2814BKCa recordings
The internal solution consisted of 80mMKOH, 60mMN-methyl-glucamine,
2 mMKCl, 20 mMHEPES, and 140 mMMeSO3 pH 7.2. The external solu-
tion was the same as the internal solution but with 2 mMMgCl2 added, and
in some cases, EGTA or HEDTA and enough CaCl2 was added to bring the
solution to the desired free Ca2þ concentration at 37C. Specifically, a series
of internal solutions (bath) were made at free Ca2þ concentrations of 3 nM
(5 mM EGTA with no added Ca2þ), 1 mM (1 mM HEDTA and 124.2 mM
CaCl2), 3 mM (1 mMHEDTA and 305.1 mMCaCl2), 10 mM (1 mMHEDTA
and 601.5 mM CaCl2), 30 mM (1 mM HEDTA and 804.6 mM CaCl2), and
100 mM (no Ca2þ chelator and 94 mMCaCl2). The amount of CaCl2 required
for each solution to reach the desired free Ca2þ concentration was calculated
withMaxChelator Software (www.stanford.edu/~cpatton/maxc.html), taking
into account the effects of temperature on the chelators. A Ca2þ-sensitive
electrode (Orion Ionplus)was used to determine that the base internal solution
without addedCa2þ contained 6mMtotal Ca2þ, so the amount ofCaCl2 added
was decreased in each case by this amount. The final free Ca2þ concentration
reported for each solution was then determined empirically with the Ca2þ-
sensitive electrode. All of these measurements were performed in a 37C
room. To calibrate the Ca2þ-sensitive electrode, Ca2þ standards of known
concentration at room temperature were purchased from WPI and their
concentrations were recalculated from their components (supplied by
WPI), taking into account the effects of temperature on the proton-binding
and Ca2þ-binding constants of the pH and Ca2þ buffers in the standards.
These modified values were then used to make a standard curve to be used
with the Ca2þ solutions at 37C.Data analysis
All data analysis was performed with Igor Pro graphing and curve fitting
software (WaveMetrics, Lake Oswego, OR), and the Levenberg-Marquardt
algorithm was used to perform nonlinear least-square curve fitting. BKCa
conductance-voltage (G-V) relations were determined from the amplitudes
of tail currents measured 200 ms after repolarizations to 80 mV from
voltage steps to the test voltage. CaV2.1 G-V curves were determined
from peak current measurements using the relation
G ¼ IðV  ECaÞ; (1)
where ECa ¼ þ60 mV. Each G-V relation was then fitted with a Boltzmann
function,
G ¼ Gmax
1þ e
zFðVV1=2Þ
RT
; (2)
and normalized to the maximum of the fit. Time-constant-versus-voltage
relations were determined from single-exponential fits to the time course
of current activation or deactivation.BKCa channel modeling
BKCa current modeling was done with custom-written software in the Igor
Pro programming environment. First, the set of G-V curves in Fig. 1 B were
simultaneously fitted to the equation (19)
Popen ¼ 1
1þ

1þ ½Ca=KC
1þ ½Ca=KO
4
ðLð0ÞÞeQFV=RT
; (3)
where KC and KO are the Ca
2þ dissociation constants of the closed and open
channels, respectively, L(0) is the intrinsic open-to-closed equilibrium
FIGURE 1 Model of a BKCa channel. (A) The VD- MWC scheme used to model BKCa currents. Horizontal transitions represent Ca
2þ binding and un-
binding. Red circles represent bound Ca2þ ions. Vertical transitions represent a voltage-dependent conformational change by which the channel opens.
(B) BKCa G-V curves determined at 37
C and fitted (blue curves) simultaneously with the scheme in A. For parameters see Table 1. The curves are the
averages of, from right to left, 11, 5, 7, 7, 6, and 9 experiments. Ca2þ concentrations were as indicated in the figure. (C) Comparison of BKCa and model
currents. At left are families of BKCa currents recorded from excised inside-out macropatches (black), and at right are model currents generated for the same
conditions (blue). Voltage steps and [Ca2þ] were as indicated in the figure. The holding and repolarization potentials were 80 mV. Traces were acquired at
10 mV increments. (D) Time constants of current relaxation measured from either the activation or deactivation time courses of BKCa currents at the indicated
[Ca2þ] and voltages. Data are represented as solid circles. The same analysis applied to model currents is shown as open circles. Data points are the averages
of between four and nine experiments.
Modeling the CaV/BKCa Complex 2799constant at 0 mV, Q is the gating charge associated with this central confor-
mational change, V is voltage, and F, R, and T have their usual meanings.
Once the equilibrium parameters KC, KO, Q, and L(0) were determined,
the set of t-V curves shown in Fig. 1 D was then globally fitted to an equa-a ¼ ða0ðVÞ  fC0 þ a1ðVÞ  fC1 þ a2ðVÞ
b ¼ ðb0ðVÞ  fO0 þ b1ðVÞ  fO1 þ b2ðVÞ
t ¼
aðCa;VÞtion that approximates the behavior of Scheme 1 (Fig. 1 A) in the limit of
rapid Ca2þ binding (19). Under this assumption, the time constant of cur-
rent relaxation can be calculated as a weighted average of all the vertical
rate constants in Scheme I as follows. fC2 þ a3ðVÞ  fC3 þ a4ðVÞ  fC4Þ
 fO2 þ b3ðVÞ  fO3 þ ðVÞb4  fO4Þ
1
þ bðCa;VÞ
(4)
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2800 CoxHere, ax and bx represent the closed-to-open and open-to-closed rate con-
stants of Scheme I, respectively. Each rate constant is voltage-dependent
as follows:
a ¼ að0ÞeqforwardFV=RT (5)
b ¼ bð0ÞeqbackwardFV=RT : (6)
In Eq. 4, fcx and fox represent the fraction of closed or open channels occu-
pying the state that precedes each transition. These fractions are Ca2þ-
dependent, and they were calculated from the equilibrium properties of
the model. For the closed-to-open transitions, they were calculated as
follows:fC0 ¼ 1

1þ 4ð½Ca=KCÞ þ 6ð½Ca=KCÞ2 þ 4ð½Ca=KCÞ3 þ ð½Ca=KCÞ4

fC1 ¼ 4ð½Ca=KCÞ

1þ 4ð½Ca=KCÞ þ 6ð½Ca=KCÞ2 þ 4ð½Ca=KCÞ3 þ ð½Ca=KCÞ4

fC2 ¼ 6ð½Ca=KCÞ2

1þ 4ð½Ca=KCÞ þ 6ð½Ca=KCÞ2 þ 4ð½Ca=KCÞ3 þ ð½Ca=KCÞ4

fC3 ¼ 4ð½Ca=KCÞ3

1þ 4ð½Ca=KCÞ þ 6ð½Ca=KCÞ2 þ 4ð½Ca=KCÞ3 þ ð½Ca=KCÞ4

fC4 ¼ ð½Ca=KCÞ4=

1þ 4ð½Ca=KCÞ þ 6ð½Ca=KCÞ2 þ 4ð½Ca=KCÞ3 þ ð½Ca=KCÞ4

:
(7)For the open-to-closed transitions, fO0–fO4 were calculated in the same way,
except with KO replacing KC. Once the fit to Eq. 4 was obtained, simulated
currents using those values were generated numerically and analyzed, and
then the final values of the rate constants were determined by making small
adjustments to these values while comparing real and simulated currents.
The parameters thus obtained are listed in Table 1.CaV2.1 channel modeling
The CaV2.1 peak G-V relation was fitted with the following function,
which describes the equilibrium open probability of Scheme II (Fig. 2 A)
in the absence of internal Ca2þ
Popen ¼

Kae
QFV=RT
4
Kb
1þ ðKaeQFV=RTÞ4 þ ðKaeQFV=RTÞ4Kb
: (8)
Here, in terms of the rate constants of Scheme II (see Table 1), Ka ¼ a/b,
Kb ¼ g/d, and Q ¼ (qf þ qb). V is voltage, and F, R, and T have their usualTABLE 1 BKCa VD-MWC model parameters
Scheme I (Fig. 1 A), at 37C
Equilibrium parameters
L(0) 1576
Q 1.31 e
KC 11.92 mM
KO 1.06 mM
n 4
Vertical rate constants
Closed to open Open to closed
C0 O0 5.5 s
1 8669 s1
C1 O1 8 s
1 1127 s1
C2 O2 2 s
1 25.2 s1
C3 O3 884 s
1 1013 s1
C4 O4 900 s
1 125.7 s1
Charge qf ¼ 0.73 e qb ¼ 0.58 e
Horizontal rate constants
Closed Open
Ca2þ on ratesa 109 M1 s1 109 M1 s1
Ca2þ off ratesa 11,917 s1 1065 s1
Parameters are for the mouse BKCa channel, a subunits alone.
aAdjusted for statistical factors.
Biophysical Journal 107(12) 2797–2814meanings. Once Ka, Kb, and Q were determined, Ca
2þ-dependent inactiva-
tion was added, and the individual rate constants a, b, g, and d were as-
signed based initially on the model of Boland and Bean (33). Simulated
model currents were then generated numerically and all parameters were
adjusted manually to best fit the real CaV2.1 currents (see Fig. 2). The pa-
rameters thus obtained are listed in Table 2.
Monte Carlo simulation of a CaV2.1/BKCa complex
The CaV2.1 and BKCa models were combined to create a stochastic model
of a single CaV/BKCa complex. To do this, Monte Carlo methods were used
as follows. Initial states were randomly chosen for the CaVand BKCa chan-
nels based on: their kinetic schemes, the initial membrane voltage, and theinitial internal Ca2þ concentration. For the BKCa channel, for example, un-
der the initial conditions of Ca2þ and voltage, the rate constants for the
model were specified, and the probability of occupying any given state
was then calculated from the equilibrium constants of the model. A portion
of a uniform distribution of numbers between 0 and 1 was then assigned to
each state in proportion to its occupancy probability, and a random number
was generated from the uniform distribution. The value of that number
determined the initial state. This was done for both models.
To then calculate the state of each channel over time, the following pro-
cedure was used. Channel open probabilities were determined at 2.5 ms in-
tervals (Dt¼ 2.5 ms). At each time point, the probability of the CaV channel
transitioning from its current state to a new neighboring state was calculated
from the membrane voltage (Vm) and the rate constants of Scheme II. A
random number was then generated, and the state of the CaV channel
was updated accordingly. As an example, supposing the CaV channel
were in state C1 at time t ¼ 0, then at time t ¼ 2.5 ms the probability of
the CaV channel transitioning to C2 would be
P

C2ðt¼ 2:5 msÞ
C1ðt¼ 0 msÞ ¼ 3aðVÞDt;
and the probability of it transitioning to C0 would be  P C0ðt¼ 2:5 msÞC1ðt¼ 0 msÞ ¼ bðVÞDt:
To determine whether either transition occurs, a random number is selected
between 0 and 1. If that number is less than 3a(V)Dt, the CaV channel tran-sitions to state 2 at t ¼ 2.5 ms. If it is greater than 3a(V)Dt but less than
3a(V)Dt þ b(V)Dt, the CaV channel transitions to C0 at t ¼ 2.5 ms, and
if it is greater than 3a(V)Dt þ b(V)Dt, the channel remains in C1.
At any time point, once the state of the CaV channel is determined,
the Ca2þ concentration at the BKCa channel ([Ca
2þ]BK) is then calcu-
lated based on whether the CaV channel is open or closed. If the CaV
channel is closed, then all Ca2þ-dependent rates in the BKCa-channel
model are calculated assuming background Ca2þ, [Ca2þ]BK ¼ 0.1 mM.
If the CaV channel is open, then a value of [Ca2þ]BK is calculated based
on the amount of incoming Ca2þ using reaction-diffusion theory, as
described below, and this value is used to determine the Ca2þ-dependent
rates in the BKCa-channel model. Once these rates are specified, as with
the CaV channel, a random number is generated, and its value deter-
mines whether the BKCa channel transitions to a neighboring state,
and so forth. This procedure was repeated for every time point in the
simulated traces.
FIGURE 2 A CaV2.1-channel model. (A)
Scheme II was used to model the Cav2.1 (P/Q-
type) Ca2þ channel. Transitions labeled a and b
are the movements of four voltage sensors. Then,
there is a concerted step to opening (g/d), and an
inactivation step, whose forward rate is Ca2þ-
dependent. (B) In black are Ca2þ currents recorded
at 37C with whole-cell patch clamp from an
HEK293 cell expressing CaV2.1 (a2.1, b3, a2-
d1). Vhold was 80 mV. Voltage steps were to
20 mV up to 90 mV in 10 mV increments for
20 ms and then back to 80 mV. In red are model
currents generated for the same conditions. For pa-
rameters, see Table 2. (C) Average G-V curve (n ¼
5 5 SE) determined from data like those in B
(black circles). Red line shows the Scheme II fit.
(D) Plots of time constant of activation for data
(black, n ¼ 4 5 SE) and model (red) determined
from traces like those in B.
Modeling the CaV/BKCa Complex 2801I wrote the software for this procedure in Igor Pro using Igor’s random-
number function enoise (1). To guard against programming errors, I also
wrote separate differential-equation-based models for the BKCa channel
and the CaV2.1 channel, and the stochastic model of each channel was
checked against numerical solutions from the corresponding differential-
equation-based model of that channel at constant internal Ca2þ. For both
channel types, the stochastic and differential-equation-based models
agreed. The conductance of the CaV2.1 channels in 1.3 mM external
Ca2þ was set to 2.8 pS (34). The unitary current of the BKCa channel as
a function of voltage was set according to Fig. 4 of Yellen (35). I took
Yellen’s BKCa single-channel current-voltage relation and fitted it with a
fifth-order polynomial:
iBK ¼ a0 þ a1V þ a2V2 þ a3V3 þ a4V4 þ a5V5: (9)
The parameters of the fit were a0¼ 7.9431, a1¼ 0.193, a2¼ 7.355 104.
a3¼1.2993 105, a4¼1.1338 108, and a5¼ 9.536 1010. Dur-TABLE 2 CaV2.1 model parameters
Scheme II (Fig. 2 A), at 37C
Rate Constant Value
a(0)a 3000 s1
b(0)a 241 s1
g 30,000 s1
d 11,250 s1
ε
b 2.5  106 M1 s1b
z 2 s1
qforward 1.16 e
qbackward 1.94 e
Subunits used were CaV2.1, CaVb3, and CaVa2-d1.
aVoltage-dependent.
bCa2þ-dependent.ing simulations, at any given voltage, the amplitude of the BKCa single-
channel current was assigned based on the value of this polynomial (iBK).Calculating [Ca2D] at the BKCa channel
For the CaV/BKCa stochastic modeling, the Ca
2þ concentration at the BKCa
channel ([Ca2þ]BK) either was considered to be at background (0.1 mM) if
its associated CaV channel was closed or, if the CaV channel was open, it
was determined by the size of the unitary Ca2þ current, the distance of the
BKCa channel Ca
2þ sensors from the CaV channel pore, and the nature and
quantity of internal Ca2þ buffers. These parameters were set as described in
the Results section.
To calculate [Ca2þ] as a function of distance from the CaV pore, CalC
software (http://web.njit.edu/~matveev/calc.html) was used to numerically
solve the reaction-diffusion equations below for a point source of Ca2þ
diffusing in a radially symmetric hemisphere (36).
v

Cafree
	
vt
¼ DCaV2

Cafree
	þXRi þ J (10)
v½Bi 2 X
vt
¼ DBiV ½Bi þ Ri þ J (11)
Here, DCa (250 mm
2 s1) and DBi are the diffusion coefficients of Ca
2þ and
the mobile buffer i, respectively. J is the Ca2þ flux through the CaV channel
in mM/s, and Ri and V
2 are given below.
Ri ¼ kþBi ½Ca½Bi þ kBið½Btotal  ½BiÞ (12)
v2 2 v
V2 ¼
vr2
þ
r vr
; (13)Biophysical Journal 107(12) 2797–2814
2802 Coxwhere Bi is the free concentration of buffer i, kBi
þ and kBi
 are the forward
and backward Ca2þ-binding-rate constants of buffer i, respectively, and r is
distance from the point of Ca2þ entry.
I found, however, that the steady-state solution to these equations could
be approximated analytically for the buffering conditions specified here
(370 mM free ATP: kATPon ¼ 0.5 mM1 s1, kATPoff ¼ 1000 s1, 40 mM
Calbindin-D28k kCBon ¼ 0.027 mM1 s1, kCBoff ¼ 0.0189 s1), over
the relevant range of single-channel Ca2þ currents, with the function

Cafree
	ðrÞ ¼ iCa
8pDCaF
e
" rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DCa
kþ
B
½Btotal
q #
þ ½Cabackground; (14)
where DCa ¼ 250 mm2 s1, Btotal ¼ 30 mM, and kBþ ¼ 500 mM1 s1. iCa
here is the single-channel current which varies with voltage (see Results).Thus, in the Monte Carlo simulations, this function was used to rapidly
calculate [Ca2þ]BK at every time point. This function, with the appropriate
parameters, was also used to calculate the curves shown in Fig. 9, A and B.RESULTS
A BKCa channel model
Shown in Fig. 1 C (left) are current families recorded from
mouse BKCa channels (mbr5 a-only) expressed in HEK293
cells. The currents were recorded from excised inside-out
macropatches at the indicated internal Ca2þ concentrations,
and all experiments were done at 37C to mimic physiolog-
ical conditions. This is important, because I found that BKCa
channels display much faster relaxation kinetics at 37C
than at room temperature (Fig. S1 in the Supporting Mate-
rial). From families like these, conductance-voltage (G-V)
and time-constant-of-relaxation-versus-voltage (t-V) rela-
tions were generated (Fig. 1, B and D). The essential char-
acteristics of these currents were then modeled with a
voltage-dependent Monod-Wyman-Changeux (VD-MWC)
model, a 10-state kinetic scheme used previously by Cox
et al. (19) to model the equilibrium and kinetic properties
of BKCa currents at room temperature (Fig. 1 A, Scheme I).
The VD-MWC model supposes that the channel un-
dergoes a single voltage-dependent conformational change
between open and closed that is modulated by Ca2þ binding
to each of the channel’s four subunits, one per subunit. Avir-
tue of this model is that it has fewer parameters than do larger
models, yet it is able to capture well the essential character-
istics of the Ca2þ-dependent and voltage-dependent gating
of the channel, as shown in Fig. 1. The blue curves and sym-
bols represent the performance of the VD-MWCmodel. The
model parameters are listed in Table 1. Real BKCa channels,
however, are known to contain two types of high-affinity
Ca2þ-binding sites per subunit (17,37–39) and four voltage
sensors (40), so the VD-MWC model used here must be
viewed as an empirical model whose opening and closing
likely mimics the gating of the BKCa channel as a function
of Ca2þ and voltage, but whose individual rate constants
are not likely to correspond directly to any real Ca2þ binding
events or movements of the channel’s voltage sensors.Biophysical Journal 107(12) 2797–2814A CaV2.1 (P/Q-type) Ca2D channel model
To model the P/Q-type Ca2þ channel, the following CaV
subunits CaV2.1, CaVb3, and CaVa2-d1 were expressed
together in HEK293 cells and whole-cell Ca2þ currents
were recorded at 37C (Fig. 2 B, left). To mimic neuronal
conditions, 1.3 mM external Ca2þ was used as the charge
carrier, and ATP was included as the only internal fast
Ca2þ buffer (41,42). The kinetic scheme shown in Fig. 2
A (similar to that of Boland and Bean (33)) was then used
to model the currents as a function of voltage.
To allow for Ca2þ-dependent inactivation, which P/Q-
type channels are known to display (43), the rate constant
for entering the inactivated state was made to depend on
the Ca2þ concentration at the internal mouth of the channel.
This was calculated from reaction-diffusion theory as-
suming that the sensor for Ca2þ-dependent inactivation is
7 nm from the channel pore and that a single CaV2.1 chan-
nel has a conductance of 2.8 pS (34). As shown in red in
Fig. 2, Scheme II can mimic P/Q-type Ca2þ currents at
37C fairly well (Fig. 2, B–D). The parameters of the CaV
model are listed in Table 2. To my knowledge, the BKCa
and CaV models shown in Figs. 1 and 2 are the only pub-
lished models of the kinetic behavior of these channels at
physiological temperature.A stochastic CaV2.1/BKCa model
After creating the CaV2.1 and BKCa models, I combined
them to create a stochastic model of a single CaV/BKCa
complex. To do this, Monte Carlo methods were used as
described in Materials and Methods. An essential issue in
creating this model was calculating the Ca2þ concentration
at the BKCa channel when its associated CaV channel is
open ([Ca2þ]BK). Fortunately, reaction-diffusion theory
has been well developed for this purpose. It states that
within microseconds of a Ca2þ channel opening, a domain
of high Ca2þ forms and reaches a steady state around the
mouth of the open channel (44–46). Numerical simulations
performed with equations for the conditions used here indi-
cate that it would take 10 ms for [Ca2þ]BK to reach 90% of its
steady-state value after the Ca2þ channel opens (simulations
done with CalC software, http://www.calciumcalculator.
org; data not shown). And when the channel closes, this
domain is expected to dissipate even faster (13). Thus,
whenever a CaV channel opens, its associated BKCa channel
is exposed to a blast of micromolar Ca2þ that lasts for the
duration of the opening.
Also, according to reaction-diffusion theory, the magni-
tude of [Ca2þ]BK during a CaVopening will depend critically
on three factors: the size of the incoming Ca2þ current, the
nature and quantity of mobile Ca2þ buffers inside the cell,
and the distance between the Ca2þ channel pore and the
BKCa channel’s Ca
2þ sensors (44,45). For the simulations
described below, I set these parameters as follows.
Modeling the CaV/BKCa Complex 2803The size of the incoming Ca2þ current (iCa) was calcu-
lated at every time point from the CaV channel single-chan-
nel conductance (gCa) and Vm with the equation
iCa ¼ gCaðVm  ECaÞ:Under native conditions, gCa has been shown to be 2.8 pS
(34) and E , the Ca2þ channel reversal potential, isCa
~60 mV. These values were used to calculate iCa.
Based on crystal and cryo-electron microscopy structures,
both the BKCa channel and the CaV channel are thought to
have radii of ~5 nm (47–49), so in complex, their minimum
pore-to-pore distance is expected to be ~10 nm. Further,
experiments with the Ca2þ buffers BAPTA and EGTA
have yielded mean CaV-to-BKCa distance estimates of 10–
15 nm (13,27). I adopted here 13 nm, the estimate that was
made from data from hippocampal granule neurons (13).Finally, in many neurons, the dominant mobile Ca2þ
buffer is calbindin-D28k, which exists in hippocampal
neurons at ~40 mM (50). Each calbindin has four Ca2þ
binding sites, so to simulate endogenous Ca2þ buffering
I included in the model 160 mM calbindin-like Ca2þ bind-
ing sites, along with 370 mM free ATP (41,50). With these
specifications, when the CaV channel is open, its
associated BKCa channel is exposed to 19 mM Ca
2þ at
0 mV, and this value will vary with iCa and therefore
with Vm.The CaV/BKCa model’s response to a step
depolarization
Shown in Fig. 3 is the response of a single CaV/BKCa
complex to 20 voltage steps from 80 to 0 mV and
then back to 80 mV. Conductance is plotted on theFIGURE 3 CaV2.1/BKCa model responses to
voltage steps to 0 mV. Shown are the responses
of the complex in 20 consecutive trials. (Left)
Plot of the conductance for the CaV channel
(red) and the BKCa channel (blue). (Right) Plot
of the simulated currents. Also shown are the
ensemble averages from 1000 such steps.
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2804 Coxleft and current on the right. Typically, the CaV channel
(red) opens soon after the depolarization, and the BKCa
channel (blue) opens a millisecond or so later. In some tri-
als (15%), trial number 8 for example, the BKCa channel
does not open, because the CaV channel inactivated early
in the step. Also shown are ensemble averages of 1000
such trials (Fig. 3, lower). These averages indicate that
in response to a step to 0 mV the CaV2.1 current from
a population of such complexes is expected to activate
with a sigmoidal time course with a time to half-peak
of 0.6 ms, and the BKCa current will then activate with
a slower, more sigmoidal time course with a time to
half-peak of 1.76 ms. The peak open probability of the
CaV channel will be ~0.61, whereas for the BKCa channel
it will be considerably lower (~0.37). The concentration of
Ca2þ at the BKCa channel during the step will be 19 mM,
when its associated Ca2þ channel is open, and the peak of
the BKCa current will be ~29 times larger than that of the
CaV current. After the voltage step, upon repolarization,
both channels will close very rapidly, with approximately
exponential time courses and with time constants of
0.09 ms and 0.48 ms for the CaV and BKCa currents,
respectively.Biophysical Journal 107(12) 2797–2814Shown in Fig. 4 are the results of similar simulations
done for a family of voltage steps to between 70
and þ40 mV. Each trace is the average (Fig. 4 A) or sum
(Fig. 4 B) of 1000 model responses. At every voltage, the
simulated Ca2þ current activates more quickly than does
the BKCa current (Fig. 4 E). Thus, the model suggests
that the kinetics of BKCa-channel activation are not limited
by CaV2.1 kinetics but rather by their own kinetic proper-
ties. Furthermore, the open probability of the BKCa channel
reaches a maximum at þ10 mV and plateaus there
until þ40 mV (Fig. 4 C, blue). This plateau is the result
of two contrary influences whose effects on open probabil-
ity balance one another—decreasing [Ca2þ]BK as the
driving force for Ca2þ entry decreases (Fig. 4 C, green)
and increasing Vm.
The Ca2þ current produced by 1000 complexes reaches a
maximum of100 pA at 0 mV, whereas the peak BKCa cur-
rent is 70 times larger, 7 nA, and occurs at a more depolar-
ized voltage, þ40 mV (Fig. 4 D). Interestingly, this voltage
is similar to the peak of a typical AP. Thus, the model sug-
gests that the CaV2.1/BKCa complex is designed to produce
its largest outward current at voltages where repolarization
of the AP typically begins.FIGURE 4 CaV2.1/BKCa model responses to a
family of voltage steps. (A) Open probability is
shown on the left, (B) model currents on the right.
Voltage steps were from80 mV to from70 mV
to þ70 mV in 10 mV increments and then back to
80 mV. Each trace is the sum of 1000 single-
complex responses. (C) Plot of peak open probabil-
ity as a function of voltage (left axis), also showing
the [Ca2þ] concentration at the BKCa channel when
the CaV channel is open during the voltage step
(right axis). (D) Plot of peak current as a function
of voltage for the two channels of the model com-
plex. (E) Plot of the time to half-peak for the BKCa
(blue) and CaV (red) currents. (F) Plot of the ratio
of peak BKCa current to peak CaV current as a
function of test potential.
Modeling the CaV/BKCa Complex 2805The CaV/BKCa model’s response to a cortical AP
Of central interest here are the CaV/BKCa currents during an
AP. To determine model predictions for these currents, I
stimulated the model with an AP waveform recorded from
a cortical pyramidal cell at 37C. This waveform is plotted
in Fig. 5 (lower). Its width at half-peak is 1.2 ms. It peaks
at þ32 mV and undershoots to 76 mV before returning
to the baseline, 70 mV. Also plotted in Fig. 5 (upper) is
the Ca2þ concentration the BKCa channel would be exposed
to as a function of voltage if its associated Ca2þ channel
were always open during the AP. This function mirrors the
AP and reaches a minimum of 8.9 mM at the AP peak, where
the driving force for Ca2þ entry is at its weakest.
Twenty model responses to the AP waveform in Fig. 5 are
shown in Fig. 6, A and B. Conductance is plotted on the left
and current on the right. The response in trial number 10 is
also highlighted in Fig. 6, E and F. Of note, the model’s CaV
channel opens during every trial, and [Ca2þ]BK reaches
micromolar levels (Fig. 6, E and F); however, the BKCa
channel opens in only 30.7% of the trials (307 of 1000).
This is not due to Ca2þ-dependent inactivation, as the
CaV channel inactivated during the AP waveform in only
8% of the trials, and when this inactivation is removed,
the BKCa-model channel still only opens in 34% of trials
(data not shown). Thus, it appears that during a typical
AP, there is usually not time for the BKCa channel to
open, even though conditions are briefly favorable for it to
do so. It is important to note, however, that because theFIGURE 5 (Upper) The Ca2þ concentration the BKCa channel would be
exposed to during the AP if the CaV channel were open throughout, calcu-
lated from reaction-diffusion theory under the conditions assumed in the
model (see Materials and Methods). The CaV single-channel conductance
was set to 2.8 pS. The BKCa channel Ca
2þ sensors were assumed to be
13 nm from the CaV channel pore. (Lower) Cortical AP recorded at
37C from a cortical pyramidal cell in response to a brief current injection.single-channel conductance of the BKCa channel is so large
(~200 pS), if a population of CaV/BKCa complexes were to
be stimulated with this AP waveform, the average peak out-
ward BKCa current would be quite a bit larger (13.4-fold)
than the average peak inward Ca2þ current (Fig. 6 D) and
likely sufficient—depending on the number of complexes
present—to substantially influence repolarization. The
mean inward charge entry per complex during the AP wave-
form is 0.148 fC, whereas the mean outward charge flux is
1.1 fC, amounting to a net 0.95 fC of charge efflux per
AP per complex.
The model also predicts that the CaV channel open prob-
ability will peak before that of the BKCa channel (Fig. 6
C); however, because of large differences in reversal poten-
tial for the two ions, the average BKCa current is expected
to peak slightly before the average CaV current (Fig. 6 D).
However, both currents are maximal during the repolariza-
tion phase of the AP. Thus, as has been observed in electro-
physiological recordings (4,6,26,51), Cav2.1/BKCa(a-only)
complexes appear well suited to generate currents that will
contribute to the repolarization of a typical AP. Note, also,
that due to its very rapid deactivation kinetics, the CaV
channel is not open during the after-hyperpolarization
(Fig. 6 C). The BKCa channel is still sometimes open dur-
ing this time (Fig. 6 C), but because the membrane poten-
tial is close to the Kþ equilibrium potential, little outward
Kþ current is observed (Fig. 6 D). In this simulation, EK
was set to 80 mV; if it were made more negative, the
BKCa current during the after-hyperpolarization would be
larger. Still, it would deactivate within 1.5 ms of the start
of the voltage undershoot such that during a train of such
APs, the model suggests that BKCa currents from
CaV2.1/BKCa(a-only) complexes would not contribute
substantially to the interspike current. This is consistent
with what has been observed experimentally. BKCa cur-
rents contribute to AP repolarization and in some cases
to the fast after-hyperpolarization but not to slower inter-
spike AP changes (51).The CaV/BKCa model’s response to APs of
varying width
In the brain AP, width is known to vary considerably from
neuron type to neuron type (52), and the previous result sug-
gests that in a CaV2.1/BKCa complex, the activation of the
BKCa channel may be very sensitive to AP width. To see
if the model predicts that this is the case, the timescale of
the AP waveform shown in Fig. 5 was either expanded or
contracted to create a series of waveforms with similar prop-
erties but differing widths. These waveforms were then pre-
sented to the CaV/BKCa model, and 1000 trials were done
with each waveform. The sums of the results are shown in
plots of open probability (Fig. 7 A) and current (Fig. 7 B).
The second AP from the left is the unaltered waveform
used in Fig. 6. Of interest here, as the AP waveformBiophysical Journal 107(12) 2797–2814
FIGURE 6 CaV2.1/BKCa model responses to an AP waveform recorded from a mouse cortical pyramidal neuron at 37
C after a brief current injection.
(A and B) Plots of CaV (red) and BKCa (blue) channel conductance (A) and current (B) from 20 single-complex responses to the waveform. (C and D)
Ensemble averages of 1000 such trials. (F and G) Highlights of responses to trial number 10. The inset in F shows the CaV current from trial 10 at higher
gain. The last plots show the stimulus presented to the model (the same stimulus as in Fig. 5 (lower)).
Biophysical Journal 107(12) 2797–2814
2806 Cox
FIGURE 7 Effect of AP width on CaV2.1/BKCa model responses. (A and B) Model responses to AP waveforms of different width at half-height (WHH), as
indicated, showing open probability (A) and current (B) for CaV (red) and BKCa (blue) channels in response to the AP waveform (gray). Each response shown
is the average (A) or sum (B) of 1000 trials. (C) Plot of the fraction of trials that contained a CaV (red) or BKCa (blue) opening as a function of WHH. (D) Plot
of the mean time open during the AP waveform for each channel type. (E) Plot of the charge influx (CaV (red)) or efflux (BKCa (blue)) during the AP wave-
form as a function of WHH.
Modeling the CaV/BKCa Complex 2807becomes longer, the probability of the BKCa channel
opening during the AP, the mean time it spends open, and
the Kþ efflux per AP all increase considerably (Fig. 7,
C–E). Indeed, when the AP width at half-height (WHH) is
increased from 1.2 to 4.5 ms, similar to the AP width in a
midbrain dopamine neuron (52), the probability of the
model BKCa channel opening during the AP increases
from 30% to 70% (Fig. 7 C), and Kþ efflux increases 12-
fold (Fig. 7 E). Thus, prolonging the AP is expected to
greatly increase BKCa-channel activation. This suggests
that in vivo, in a non-voltage-clamped neuron, any alteration
in cellular properties that would tend to increase AP dura-
tion (inactivation of other Kþ channels, for example) would
be opposed by increased BKCa-channel activation. The
magnitude of this effect would depend on the density of
CaV/BKCa complexes relative to other channels involved
in the AP.
Also note that when the AP is made shorter, 0.4 ms
(WHH), the BKCa channel is seldom active during the AP
(Fig. 7, A and B, leftmost plots). In this situation, the model
BKCa channel opens in only 6.6% of trials (Fig. 7 C). This is
not because its associated CaV2.1 does not open, since it
does still open in 73% of trials, but rather because the ki-
netics of the BKCa channel are not quick enough to follow
the AP. This is consistent with what has been observed incerebellar purkinje neurons, where APs are often very brief
and BKCa currents are not observed during the AP, even
though both CaV2.1 and BKCa channels are known to be
present at high density (53–57).The effects of varying the distance between
channels
Although a good deal of data suggests that BKCa channels
form complexes with CaV channels (31), this is not clearly
the case in all neurons, nor for all BKCa channels in a given
neuron (31). An analysis of the relationship between the
distance between the CaV and the BKCa channel and the
expected response of the complex to an AP is shown in
Fig. 8. The standard cortical AP waveform was used
(Fig. 5), and [Ca2þ]BK was calculated numerically from
reaction-diffusion theory as a function of the distance
between the channels (Fig. 8 B). As is evident, the ability
of the CaV2.1 channel to activate its associated BKCa
channel diminishes greatly over even very small distances.
At an interchannel distance of 30 nm, for example,
[Ca2þ]BK at 0 mV is reduced from ~20 mM to ~8 mM,
and the probability of the BKCa channel opening during
the AP is reduced to 8% (Fig. 8 D). This is evident in
the simulated current traces in Fig. 8 C, where the peakBiophysical Journal 107(12) 2797–2814
FIGURE 8 Effect of the distance between the two channels on CaV2.1/BKCa model responses to an AP waveform. (A and C) Open probability (A) and
current (C) from 1000 complexes at CaV-to-BKCa distances of 13, 20, 30, 40, and 50 nm. As expected, there is no effect of distance on the Ca
2þ current (red),
whereas the BKCa open probability and current (blue) decrease with distance. The cortical AP waveform used is shown in gray (see also Fig. 5). (B) Plot of
[Ca2þ] at the BKCa channel when the associated Ca
2þ channel is open as a function of distance at three membrane potentials. These curves were calculated
numerically using reaction-diffusion theory based on the conditions of the modeling described in the text using CalC software (http://www.calciumcalculator.
org). (D) Plot of the percentage of channels with a BKCa opening (left axis) and [Ca
2þ]BK (right axis) as a function of distance between channels. (E and F)
Plots of the BKCa channel’s time open (E) and charge emitted (F) as a function of interchannel distance (mean 5 SE for 1000 trials).
2808 CoxBKCa current is reduced by 70% at 30 nm. This reduction
is due not only to the inhibitory effect of lower Ca2þ on the
steady-state open probability on the BKCa channel, but also
to its slowing effects on the BKCa channel’s activation ki-
netics (see Fig. 1).The effects of intracellular Ca2D buffers
According to reaction-diffusion theory, the profile of the
Ca2þ concentration in the nanodomain around an open
Ca2þ channel can be dramatically affected by intracellular
mobile Ca2þ buffers (45,58). Neurons are known to vary
with regard to which buffers they contain and how much
of each buffer they contain (41,50,59,60), and experiments
to probe these channels are often done with differing con-
centrations of exogenous buffers. Thus, I thought it impor-Biophysical Journal 107(12) 2797–2814tant to examine the effect of mobile Ca2þ buffers on the
behavior of the model complex. To do this, the simulation
of Fig. 6 was rerun with various concentrations of EGTA
or BAPTA present internally. EGTA is a slow Ca2þ buffer
with a Ca2þ on-rate of 2.5 mM1 s1. As shown in Fig. 9
B, even at a high concentration (10 mM), when the inter-
channel distance is 13 nm, EGTA is not expected to alter
[Ca2þ]BK. Thus, no effect of EGTA is observed in the re-
sponses of the CaV/BKCa complex to the AP waveform
(Fig. 9, D and F). However, when the fast Ca2þ buffer
BAPTA (on-rate 400 mM1 s1) is included in the simula-
tion, it has dramatic effects (Fig. 9, C and E). The peak
BKCa current during the AP is reduced by 26%, 47%,
85%, and 89% at BAPTA concentrations of 0.5 mM,
1 mM, 5 mM, and 10 mM, respectively (Fig. 9 E). Thus,
as is observed in real neurons, the model predicts that
FIGURE 9 Effect of fast and slow mobile Ca2þ buffers on the CaV2.1/BKCa model response to an AP waveform (shown in G and H). Black lines indicate
the response under standard conditions for comparison. (A) [Ca2þ] at the BKCa channel as a function of distance between the channels at 0 mV at an
increasing internal concentration of BAPTA, a fast Ca2þ buffer. (B) Same as in A, but using EGTA, a slow Ca2þ buffer. (C and E) Open probability (C)
and current responses (E) to the standard cortical AP waveform with increasing BAPTA, as indicated. (D and F) Same as in C and E, but using EGTA.
Modeling the CaV/BKCa Complex 2809even moderate concentrations of a fast Ca2þ buffer should
have large effects on the BKCa current that flows during
an AP (13), whereas slow buffers, even at high concentra-
tions, are expected to have little effect.The CaV/BK model response to trains of APs
With regard to the gating of the Cav2.1/BKCa complex, an
important question is, how does the complex respond to a
train of APs? And in particular, to what extent does chan-
nel activity from one AP affect the activity in the next
and thereby perhaps produce some of the adaptive ef-
fects associated with short-term synaptic plasticity? Toaddress this question, I presented the model with a train
of identical APs spaced evenly at a frequency of 66 Hz
(Fig. 10 C).
The train was formed by concatenating 10 APs like the
one in Fig. 5. The sum of a thousand responses to this train
is shown in Fig. 10 A. During the course of the train, the
Ca2þ channel exhibits cumulative inactivation, due not to
the build-up of internal Ca2þ, but rather to the slow recovery
of the CaV2.1 channel from Ca2þ-dependent inactivation.
Over the course of the train, the mean Ca2þ-current peak de-
clines by 49%, and the mean peak BKCa current declines by
46%. The kinetic properties of the CaV and BKCa currents,
however, do not change through the train, and in fact, whenBiophysical Journal 107(12) 2797–2814
FIGURE 10 CaV2.1/BKCa model responses to a train of AP waveforms like the one shown in Fig. 5. (A) Responses when the standard AP is concatenated
to occur at 66 Hz as shown in (C). (B) Responses of CaV (red) and BKCa (blue) to the first two AP waveforms of the train in A are shown on an expanded scale.
(D) Responses from APs 1–10 are overlaid on the left and normalized to their peaks and overlaid on the right. Note the kinetics of the responses do not change
over the course of the train. (E and F) Same analysis as in A–D, but with Ca2þ-dependent inactivation removed from the model CaV channel. (G–J) Same as
in A–D, but with a 100 Hz train (shown in I) used as the stimulus. Ca2þ-dependent inactivation was not removed. Each pseudo-AP-waveform in Iwas created
from a voltage step from80 mV toþ40 mVand back to80 mV. However, the step was Gaussian-filtered such that it was 2 ms in width at its base, 1 ms in
width at half its height, and reached a point at its peak.
2810 Coxthey are normalized to their peaks, they appear identical
(Fig. 10 D, right). Furthermore, if Ca2þ-dependent inactiva-
tion is removed from the model’s CaV channel, the average
CaV and BKCa currents do not change throughout the train
(Fig. 10, E and F). Thus, apart from a decline in amplitude
due to Ca2þ-dependent inactivation, the CaV/BKCa model
complex is able to perfectly follow a 66 Hz train without
currents showing signs of attenuating or facilitating, and
this was also found to be the case for a 100 Hz train
(Fig. 10, G–J). Thus, the CaV2.1/BKCa(a-only) complex
appears to be built for speed. It is not expected to alter its
kinetic behavior even during very rapid AP trains, and
therefore, apart from a general reduction in current due toBiophysical Journal 107(12) 2797–2814CaV2.1 inactivation, it is not expected to contribute to
short-term synaptic plasticity.DISCUSSION
Recently, it has become clear that in the brain, BKCa chan-
nels are often physically associated with voltage-gated Ca2þ
channels (CaV), such that in complex, a particular BKCa
channel responds predominately to the local influx of
Ca2þ entering through its associated CaV channel (31).
Such associations have been documented for T (CaV3
(23,24)), L (CaV1 (61)), N (CaV2.2 (27–29)), and P/Q
type (CaV2.1 (26,27)) CaV channels. Thus, in terms of their
Modeling the CaV/BKCa Complex 2811influence on the electrical properties of the neuron, a CaV
channel in complex with a BKCa channel may often be prof-
itably thought of as a single functional unit. Here, through
kinetic modeling, I have explored how one such unit, the
CaV2.1/BKCa (a-only) complex, is likely to behave in vivo,
based on detailed recordings of the functional properties of
the individual channels.
It is important to note that the individual channel models
I have developed are based on data recorded at physiolog-
ical temperature, as I have observed that the gating of the
BKCa channel is much faster at this temperature than at
room temperature, where previous BKCa modeling work
has been done (see Fig. S1). Indeed, to my knowledge, pre-
sented here is the first kinetic model of BKCa-channel
gating at 37C and also the first model of CaV2.1 gating
at this temperature. It is my hope that these models
will be useful to others interested in modeling electrical
phenomena involving these channels under physiological
conditions.
In addition to creating kinetic models for the two chan-
nels, I have also presented here a stochastic model of the
two channels gating as a complex. One interesting predic-
tion that comes from this model is that during a typical
AP, the CaV2.1 channel will open and [Ca2þ]BK will be
elevated into the tens of micromolar, but usually—70% of
the time—the BKCa channel will not open. Its activation ki-
netics are not fast enough. Approximately 30% of the time,
however, the BKCa channel is expected to open, and when it
does, it generates such a large outward current that from a
population of such complexes, the outward Kþ current is
still expected to be many times larger than the inward
Ca2þ current. Thus, as a single unit, the Cav2.1/BKCa com-
plex appears unreliable.
A consequence of this phenomenon is that where there
are many complexes, as in the cell body, for example,
the response of the population will be fairly consistent.
However, where there are few complexes, as in a nerve ter-
minal, this would not be the case. Considerable variation
would be observed from AP to AP. Consider, for example,
a single hippocampal presynaptic bouton like that recently
recorded from by Novak et al. (62). They found that such a
bouton under voltage clamp produces 50 pA of outward
Kþ current during a step to þ40 mV. Thus, we may esti-
mate the total Kþ conductance of the bouton to be ~360
pS (with EK ¼ 100 mV). Further, if this conductance
were always open during an AP like the one in Fig. 5,
~70 fC of Kþ would be expected to flow out of the bouton
during the AP.
Now suppose further that in that bouton there are 15
Cav2.1/BKCa complexes. Simulations of the response of
15 Cav2.1/BKCa complexes (not shown) to a single AP
waveform indicate that the average Ca2þ influx per AP is
expected to be 2.3 fC and to have a small standard deviation
of 50.25 fC (STDCa). However, the K
þ efflux through the
BKCa channels is expected to be 7.7 times larger (17.7 fC)and to have a large standard deviation of59.1 fC (STDBK).
Thus, in this bouton, BKCa channels would supply on
average 25% of the total repolarizing Kþ efflux, but from
AP to AP we would expect the total Kþ efflux to routinely
vary over the range ~4  STDBK, that is, by 36.4 fC or
~52%. Presumably, in a non-voltage-clamped cell this
would lead to a substantial variation in AP width and there-
fore perhaps in neurotransmitter release. Thus, this calcula-
tion suggests that the stochastic properties of the CaV2.1/
BKCa complex may lead to variation in AP shape at the
nerve terminal not evident in the cell body. Whether such
a source of noise in the presynaptic terminal is of physiolog-
ical consequence remains to be determined. However, there
is a well developed theory termed stochastic resonance
wherein it is conjectured that such added noise would lead
to better detection of weak periodic signals in neuronal sys-
tems (63,64).
It is natural to ask how the CaV2.1/BKCa model presented
here behaves relative to CaV2.1/BKCa currents that have
been recorded from neurons. This question is hard to
answer, as very few studies have analyzed the behavior of
these channels gating together under voltage clamp, and
none have done so at the single-complex level. This is likely
due to the inaccessibility of these complexes in nerve termi-
nals and also to difficulties in isolating particular types of
CaV and BKCa channels.
In the brain, there are thought to be predominately two
types of BKCa channel, I and II (65). Each contains four
Slo1 pore-forming a subunits and either no auxiliary b sub-
units (Type I) or between 1 and 4 b4 subunits (Type II).
Type I BKCa channels are characterized by rapid gating ki-
netics and sensitivity to the pore-blocking scorpion toxins
charybdotoxin and iberiotoxin. It is this type of BKCa chan-
nel that I have included in the modeling here. Conversely,
Type II BKCa channels display significantly slower gating
kinetics (66–69), and they are insensitive to the scorpion
toxins named above (69,70). Furthermore, b4 subunits
have been reported to reduce BKCa-channel surface expres-
sion under some conditions (71,72). It is unclear at present
which channel type predominates in nerve terminals, and
indeed this may be cell-type-specific. Here, I have chosen
to model complexes with Type I channels, because their
faster kinetics make them more likely to be activated dur-
ing a typical AP. It would be interesting, however, to
examine how Type II channels are likely to behave under
conditions similar to those used here. I would expect less
BKCa-channel activation during a single AP (22), but
perhaps some build up of BKCa current during a rapid train.
Also, the stoichiometry of the CaV/BKCa channel complex
has not been determined. Here, I have assumed a 1:1 stoi-
chiometry, but if it were higher, as has been suggested (25),
for example, 4 CaV channels to 1 BKCa channel, then
[Ca2þ]BK would be substantially higher during the AP,
and the probability of a BKCa channel opening would
increase.Biophysical Journal 107(12) 2797–2814
2812 CoxWith regard to the complexes modeled here, however, the
most relevant study is that of Benton et al. (54), who
described the currents through CaV2.1 and BKCa channels
in cerebellar Purkinje neurons. Consistent with the behavior
of the model, they found that CaV2.1 and iberiotoxin-
sensitive BKCa currents (Type I) activate rapidly in these
neurons in response to step depolarizations, and the macro-
scopic outward BKCa current at depolarized potentials is
many fold larger than the inward CaV2.1 current. Also,
they found that in response to a series of 1 ms step depolar-
izations, the current was smaller during the second voltage
step than during the first, but the kinetic properties of the
responses did not change from step to step. This is similar
to what the model presented here predicts for the same
stimulus. Further, in both the data and the model, upon
repolarization, there is a very rapid drop in Kþ current fol-
lowed by a slower decay. The main difference between the
real and model currents, however, is that the after-current is
larger and slower in the Purkinje neurons than is predicted
by the model. The reason for this is unclear, but some
evidence suggests that some of the iberiotoxin-sensitive
BKCa currents in Purkinje neurons may be through BKCa
channels that contain b2 subunits, which are known to
deactivate slowly (68). Alternatively, it could be that
Ca2þ influx during repolarization triggers a release of
Ca2þ from internal stores that prolongs the time that the
BKCa channels stay open (56). What is consistent between
the model and the data on Purkinje neurons, however, is
that in both cases, with very brief APs, BKCa channels do
not activate significantly during the AP (73). However, if
the AP is prolonged with 4-aminopyridine, they do become
active (26,27,73).
Berkefeld et al. (26,27) have also recorded macroscopic
currents from CaV2.1 and BKCa channels gating together.
However, they did this in a reconstituted system in the pres-
ence of the auxiliary BKCa b4 subunits and at room temper-
ature, so strong correspondence is not expected. In general,
however, as predicted by the model presented here, large
outward BKCa currents were generated during step depolar-
izations that were many fold larger than the inward Ca2þ
current. Also, as predicted by the model described here,
Berkefeld et al. found that the magnitude of the outward
BKCa current elicited by an AP-like stimulus was very
sensitive to AP duration (26). Clearly, more extensive elec-
trophysiological characterization of the behavior of CaV/
BKCa complexes in neurons would be useful in testing the
predictions of the model presented here.SUPPORTING MATERIAL
One figure is available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(14)01188-6.
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